Supply chain management integrates key business processes and facilities, involving end users and suppliers that provide products, services, and information. Supply chain integration can potentially add value to the stakeholders along product development and manufacturing life cycle as well as the customers in terms of cost, time, service level, quality, and risk. In the manufacturing industry, there are many attempts to develop methodologies, standards, and technologies to integrate various applications for product design and manufacturing. However, studies on integrating and aligning product design and manufacturing with other operations in supply chains are relatively lacking. In an integrated supply chain, information, applications, and services are shared and become available among supply chain members within and across organizational boundaries. Existing technologies and tools such as Electronic Data Interchange (EDI) infrastructures and Enterprise Resource Planning (ERP) systems do not provide a flexible and reusable solution to information sharing and application integration. This paper presents a prototype service oriented web-based system, SC Collaborator (Supply Chain Collaborator), which leverages web services, web portal, and open source technologies to provide a flexible, customizable, and economical tool for supply chain integration. The prototype system implements a service oriented portal-based framework and allows service orchestration according to processes. This paper presents the service oriented portal-based framework, the system architecture of SC Collaborator, and the schematic representation and implementation of process models with the system. The paper also illustrates the use of the SC Collaborator system to facilitate cross-functional, crossdepartmental, and cross-organizational collaborations using a bus manufacturing scenario.
sources can be accessed, related, and combined. Creating an interoperable network to support data exchange and communication among software applications can be expensive. Organizations continuously spend up to 50 percent of their information technology budgets on application integration [6] . In the manufacturing industry, there are much research efforts on the development and standardization of systems that integrate computer-aided design (CAD), computer-aided engineering (CAE), and computer-aided manufacturing (CAM) applications for product design, development, and manufacturing [7] [8] [9] [10] . Tools that can potentially facilitate collaborations among supply chain members have also been proposed [11] . If the product development and manufacturing processes can be aligned with other business processes within and across companies, every supply chain member can potentially be benefited in terms of cost, time, quality, and value.
Integrating information and applications in a manufacturing supply chain is a non-trivial task. A manufacturing supply chain usually involves numerous participants who may use different hardware platforms and software programs. These supply chain participants may also use different representations and perspectives to describe their information. Some companies may even develop their own software programs and information models in-house and require their trading partners to support these programs and models for data exchange. Currently, integration and interoperation of these software applications and information are commonly performed through application-to-application interfaces on a case-by-case basis. These ad-hoc integration infrastructures often are not reusable and transportable to another project. The use of application-to-application interfaces leads to the Nsquare problem and is not scalable for integration in the scope of entire supply chains. Therefore, we need a methodology to integrate information, applications, and services in a flexible, scalable, and reusable manner.
With rapid development of communication technology, the Internet has become ubiquitous and instantaneously accessible. The proliferation of the Internet makes it the most cost effective means of driving supply chain integration and information sharing [12] . Companies increasingly take advantage of the Internet to create a virtual value chain where individuals and business partners can communicate and collaborate with each other. Types of Internet-based integration and collaborations include B2C (business-toconsumer), B2B (business-to-business), G2B (government-tobusiness), and B2E (business-to-employee).
Utilizing the Internet as the communication network, the web services technology has emerged as a promising tool to integrate distributed information sources and software functionalities in a flexible, scalable, and reusable manner. Web services technology enables a service oriented approach of integration of information and applications, which are deployed into individual web service units and distributed on a network which supply chain members can connect to. The service units act as the components for various business functions and can be aggregated into a complex business process or workflow. The service units can also be reused, avoiding repeated development of the same functionality.
Web portals have been used for information repository and sharing within a company as well as across organizations. The customizability of layouts and access control in a web portal provides a secure, tailored way to deliver the right information to the right user at the right time. Functionalities of current web portals are not flexible and extendable. In a service oriented portal-based framework, however, information, application functionalities, and system operations are deployed as discrete web service units, which can be flexibly combined according to different needs. Exposing the web service units also allows external systems and applications to retrieve information and to integrate the operations from the service oriented system, increasing the usability of the system, and enabling automation of business processes.
The paper is organized as follows: Section 2 discusses some of the shortcomings of current methods and tools for supply chain integration, and how they can be avoided using a service oriented approach. Section 2 also describes the service oriented portal-based framework, a means to integrate information, applications, and services. Section 3 presents the system architecture of a prototype web-based system, namely SC Collaborator (Supply Chain Collaborator), that we developed based on the service oriented portal-based framework. Process models can be incorporated in the SC Collaborator system to orchestrate discrete web service units. Section 3 also describes the schematic representation and a practical implementation of the process models. Section 4 presents an example scenario to demonstrate the potential of SC Collaborator to integrate services and facilitate collaborations in a cross-functional, cross-departmental, and cross-enterprise supply chain.
SERVICE ORIENTED APPROACH FOR INTEGRATION

Current Practices for Supply Chain Integration
Information, applications, and services need to be integrated in a supply chain to facilitate cross-functional, crossdepartmental, and cross-enterprise collaborations among individuals and companies. Some companies establish communication networks using standards such as Electronic Data Interchange (EDI) to connect and exchange data with partners [13] [14] [15] . However, the implementation of such communication infrastructures usually requires high cost and long configuration time, partly due to the lack of information standardization among trading partners. Small and mediumsized businesses may be reluctant to afford a large investment for the infrastructures. The long configuration time reduces the flexibility of product introduction, development, and production.
Some companies have adopted various supply chain management tools such as enterprise resource planning (ERP) systems to integrate loosely distributed information and applications within and across companies in the manufacturing industry [16] [17] [18] . An ERP system is typically employed to seamlessly integrate all the information flowing through the company such as finances, accounting, human resources, supply chain, and customer information [19] . ERP systems can potentially enhance transparency across the supply chain by eliminating information distortions and increase information velocity by reducing information delays [20] . Many corporations have implemented ERP systems to facilitate their front-end customer relationship and to support their back-end operations.
Adoption of ERP systems, however, does not often result in significant improvement in project performance as expected. One study estimated that 96.4% of ERP implementations failed [21] whereas another study reported that 70% of ERP implementations did not achieve their estimated benefits [22] . ERP systems have many limitations such as implementation complexity, integration problems, and customization problems [23] . Akkermans et al. [20] conducted an exploratory study on commercial implementation of ERP systems and concluded four major limitations of ERP systems that often led to unexpected underperformance of these tools: (1) inflexibility to accommodate changes of supply chain structures, (2) lack of modular and open system architecture, (3) lack of functionality beyond managing transactions, and (4) inability to share internal data efficiently with supply chain partners across organizational boundaries. We believe that a system based on the service oriented architecture (SOA) can address many of these major limitations.
Service Oriented Architecture (SOA)
SOA is a software development paradigm in which information and applications are deployed and distributed as individual service units, which can be invoked over a network and combined to solve complex business problems. There are many benefits for adopting SOA in information systems. The "plug-and-play" capability of these service units allows convenient and flexible reconfiguration of system functionalities. Furthermore, the system can be divided into modules for development and maintenance, allowing a large complicated system to be built in a scalable manner. In addition, by invoking various applications via the service units, a service oriented system can extend its functionalities for sophisticated business tasks. Last but not least, internal data can be shared easily and efficiently among organizations in SOA as the data are delivered as service units that can be accessed on a standardized protocol.
Web services are the building blocks of SOA. A web service can be described as a specific function that is distributed on the Internet to provide information or services to users through standardized application-to-application interactions. Leveraging well established Internet protocols and commonly used machine readable representations, web services can be located, invoked, combined, and reused. Web services can create dynamic responses and are different from conventional websites, which deliver only static information. Web services are self-contained and self-describing. They are also encapsulated, meaning that integrated web services can be updated or replaced without affecting the functionality or integrity of other independent services. Web services technology enables interoperation of applications because programs written in different languages and operating on different systems can be integrated via standardized protocols.
Service Oriented Portal-based Framework
Loosely coupled web services can be aggregated using web portal technology. A web portal is a web-based system that acts as a gateway to a larger system or a network of web applications. It is a useful tool to aggregate scattered, distributed information and services into a single point of access regardless of their location or storage mechanism. The basic operational units of a portal system are web portlets, which are sub-programs that encapsulate a single or a number of web applications. Through the portal system, multiple information sources and applications can be accessed, retrieved, and integrated into a workflow or a supply chain.
Web portals are commonly used to build an intranet for content and document management within organizations [24] . They serve as a repository of information and documents for data storage, publication, and retrieval. Due to their security and customizability, web portals allow users to securely access sensitive personal information, and enable system administrators to manage a huge amount of information in a centralized manner. There is also a trend to build portal systems for cross-organizational collaboration. However, there is little, if any, rigorous research on portal design, development, maintenance, and updating for facilitating supply chain management decisions [25] . Little effort has been made to use web portal technology for collaboration and sharing of information and functionality to support decision making among multiple partners.
For the service oriented portal framework developed in this study, system operations, applications, and information sources are wrapped and deployed as individual web services, which can be located and invoked by application portlet units. As shown in Figure 1 , every application portlet unit can integrate a single or multiple system operations, applications, or information web services into a workflow for specific business processes. These web services can be reused by different portlet units in different workflows, or used by a single portlet unit multiple times in one workflow. As a result, the development of repeated system operations is avoided, and applications and information sources can be used concurrently. In addition, modification of system functionalities becomes easy and quick as every business process is divided into separate reusable web service components. Communications among application portlet units are allowed, supporting aggregation and interaction of service workflows. Figure 2 shows the homepage of the prototype system for users to log in. Figure 3 shows the system architecture of the SC Collaborator framework. The framework consists of an access control engine, a database support, and four layers of integrated functionalities -a communication layer, a portal interface layer, a business applications layer, and an extensible computing layer. The communication layer provides a communication channel for users to access the system. The portal interface layer serves as a unified and customizable platform to support interactions between users and the system. The business applications layer provides a framework for executing various business processes such as knowledge management and decision making. The extensible computing layer consists of numerous databases, software applications, and web services that the business applications layer can integrate to support high-level or computationally intensive business functions. In the following, we will discuss the three layers and the database support component of SC Collaborator in detail.
System Architecture
3.1.1
Communication layer A user-friendly and readily accessible communication channel is essential to the usability of a system. The SC Collaborator system uses an open source platform -Apache Tomcat [26] to enable the connectivity and access to the system. Apache Tomcat serves as a web servlet container for the communication servlets, Struts [29] and Axis [30] . While some information systems require the client-side to install particular communication software in order to be connected, the Struts servlet that resides in SC Collaborator allows users to access the system using web browsers, which are commonly available on every computer. The Struts servlet also enables remote users to access the system using wireless devices such as cell phones and personal digital assistants (PDA) via the Wireless Application Protocol (WAP).
The Axis servlet that resides on the communication layer enables system operations of the SC Collaborator system to be exposed as standard web services. The deployed web services are described in standardized Web Service Definition Language (WSDL) [31] files for service discovery, description, and invocation. Figure 4 shows the WSDL file of a simple system operation which sends purchase orders to suppliers. Users can request information from the system and execute internal operations via the Simple Object Access Protocol (SOAP) [32] . 
3.1.2
Portal interface layer Web portal technology is leveraged to provide a flexible and customizable user interface in the system. The portal user interface of the SC Collaborator system is managed in separate modules. Every module represents a project, an organization, or a group of similar business functionalities. A single module contains a number of submodules, each of which can integrate multiple application portlet units. Configuration, permissions, and layout can be configured for each module, submodule, and portlet. System management also includes activity logging, user tracking, computer resources utilization, and connection limits setting. It helps the system administrators evaluate the system and configure it to suit different needs.
User management can be performed at the levels of individual users, organizations, user groups, and roles. A user is an individual who performs tasks in the system. An organization represents a corporate hierarchy. A user group is a grouping of users. Unlike organizations, user groups have no context associated with them. They are grouped to facilitate communications and aid system administrators to assign permissions and roles to a group of users. A user can be associated with any number of user groups, but only one organization. Every member inherits the roles and permissions that are assigned to the organization or user group that the member belongs to. SC Collaborator is a role-based system. A role is a collection of permissions. The types of roles in the SC Collaborator system are system administrator, module administrator, advanced user, module member, normal user, and guest. Each role has its predefined set of permissions to the system, layout, modules, submodules, and portlets.
The user interface for web browsers and wireless devices can be configured through the layout management portlet unit. The portlet unit allows users with either a system administrator role or a module administrator role to add and delete submodules, to set up the permissions of submodules, and to configure the submodule style. On each submodule, the administrative users can add, delete, and allocate application portlet units. The administrative users can also grant individual users the permissions to view, modify, and configure a specific module, submodule, and portlet. Therefore the system layout can be highly customizable so that some modules or portlet units are available only to the designated users, organizations, or user groups. This ensures that the right information is delivered to the right person at the right time.
3.1.3
Business applications layer Each application portlet unit is an independent unit, which performs a specific task or business process. Based on the Java framework, a portlet unit can perform computations, execute other applications, connect to databases, and invoke web services. Therefore, multiple services can be integrated in a single portlet unit to implement various business processes. For instance, the application portlet unit that helps retailers manage the purchase orders they have submitted integrates three different services: (1) service that submits purchase orders to manufacturers, (2) service that monitors the status of each purchase order, and (3) service that triggers warning notifications when a problem is encountered. A portlet unit in SC Collaborator can also interact with other portlets to solve complicated business problems. The application portlet units in SC Collaborator are compliant with Java Specification Request (JSR) 168 standard [33] , a specification that defines a standard programming model for portlet development. As a result, the portlet units can be packaged and reused by other portal systems, allowing high portability across platforms.
3.1.4
Database support In the database tier, an open source database -MySQL -is used to store the application data as well as the system information including user information, layout configurations, and user and system settings. The SC Collaborator system is not bounded to a particular database system. The system can be installed with any Java Database Connectivity (JDBC) [34] compliant database without any complicated configuration and modification of codes due to the use of the Hibernate framework [35] . The Hibernate framework maps the objects in a relational database into object-oriented Java classes. If a user has already installed other databases such as PostgreSQL and Oracle database, SC Collaborator can integrate with the existing database with little effort. The user does not need to install and execute MySQL in order for SC Collaborator to run. 
Process Models for Service Orchestration
The SC Collaborator system is a service oriented portal-based framework where information, applications, and internal system operations are deployed and delivered as web services. These internal web services are aggregated with external web services on the business applications layer into workflows to perform complex tasks. To implement a business process "add purchase order," for example, cross-application activities may be required, such as adding a purchase order to the production plan, sending confirmation to the customer, changing the status of the order and the corresponding items, and allocating materials and resources to fulfill the order. Each of these task components could be separated and deployed as individual web services. A mechanism to combine these task component services is necessary to complete a business process. There are several research efforts on web-based service integration [36, 37] , which study the mechanisms to invoke, terminate, and combine web services. In SC Collaborator, the composition and orchestration of web services are performed and managed by business process models residing on the applications layer. Figure 5 shows the schema of a service unit in a process model. Each service unit consists of six components: (1) input information, (2) output information, (3) organization involvements, (4) resources, (5) internal knowledge, and (6) implementation logic. Input information describes the types and data models of the information that is provided either by automatic event trigger programs or by manual inputs through tools such as web browsers. Output information describes the types and data models of the information that the service unit delivers. Organization involvements define the access rights which are implemented in the security access engine. Resources are the application functionalities or operations necessary for the service implementation. Internal knowledge is the collection of data, either hard-coded in the service unit or available from databases and data files, which supplements the input information to perform the service. Implementation logic specifies the conditions and reasoning in the service unit.
After defining the service units, they need to be articulated in a process flow model for every business process. There are many research studies on workflow modeling and management [38] [39] [40] [41] . In the SC Collaborator system, a process flow model is a representation that defines the interactions among various service units. The model describes the sequence of service units and the logic involved during the transitions between the services units. Every business task in SC Collaborator is associated with a single process flow model. Therefore, one application portlet unit in SC Collaborator may contain multiple process flow models, depending on the number of business tasks the portlet unit performs. For example, the portlet unit responsible for managing received purchase orders contains three process flow models for the three business tasks -receiving purchase orders, monitoring the status of each order, and notifying corresponding members when an order is updated. Figure 6 depicts the process flow model for the business process that receives and processes purchase orders.
For implementation, the process flow model is converted into Business Process Execution Language (BPEL) [42] , an emerging service orchestration standard for describing the behavior of web services at different levels of abstraction. BPEL is a layer on top of WSDL and XML Schema, with WSDL and XML Schema defining the structural aspects of service interactions, and BPEL defining the behavioral aspects. BPEL supports two kinds of activity coordinationprimitive activities and structured activities. Primitive activities correspond to atomic actions such as message exchange and service initiation that are being performed within a process. Examples of primitive activities include invoke, receive, reply, assign, and terminate. Structured activities impose behavioral and execution constructs on a set of activities contained within them. Structured activities can be nested and combined in arbitrary ways, thus enabling the presentation of complex structures. Examples of structured activities are sequence, switch, while, and flow. Figure 7 shows an excerpt of the BPEL file converted from the process flow model for the business process "add purchase order."
4 SCENARIO EXAMPLE To demonstrate the potential of SC Collaborator for integrating manufacturing supply chains, the system has been tested in a bus manufacturing scenario. As illustrated in Figures 8 and 9 , the scenario involves cross-functional, crossdepartmental, and cross-organizational interactions and collaborations. In Figure 8 , a circle in an operation means that proceeding to the next operation requires conditional reasoning.
In the scenario, the manufacturer is divided into five functional departments (Figure 9 ). The sales department of the bus manufacturer receives purchase orders from customers. If the order contains special requests, the sales department may need to pre-process the order and invite specialized experts to the order evaluation process. The order evaluation process involves the financial department, the inventory department, the design department, and the production department. If the order is not accepted, the sales department notifies the customer of the rejected order; otherwise, the inventory department checks the inventory and delivers the products if they are ready to delivery. If there is no finished product that satisfies the order and a new design is needed, the design department designs the products with aid from the production department. The production department may start contacting suppliers and preparing procurement at the same time. The design is then available for review, which is a recurring process among various departments. If the design has been done previously, the design department can reuse the existing design and the production department begins the procurement process. When the design is ready, the production department begins the production process and then sends the finished products to the inventory department for delivery.
The system is customized so that members are provided with different information and functionalities, depending on the organizations and departments the members belong to. For example, the system layout for members in the sales department contains submodules for monitoring and processing orders, inviting specialized experts to evaluate orders, and communicating with customers, which are not included in the layout for members in the design department when the system is logged in. The system can also be personalized so that each individual is granted with different access rights according to the user profiles. For instance, the system allows junior members in the design department to view order evaluations, to submit product designs, and to retrieve design reviews while senior members are also allowed to participate in the discussions in the order evaluation and the design review processes.
Take the "receive order" and "evaluate order" processes as an example. All the five departments of the bus manufacturer participate in managing and evaluating received orders. As shown in Figure 10 , some service units in the system are specific to particular departments and require human inputs, whereas some are executed on the system level automatically. When the SC Collaborator system of the bus manufacturer receives a purchase order, it sends a notification message to the sales department and allows the department to view the order. The sales department validates the order and determines the need for additional people in the order evaluation process (Figure 11) . If the order is valid, the system invokes multiple order evaluation service units. The order is evaluated by various departments in the aspect of customer, product configuration, and product delivery. For instance, the design department gathers information from the sales department and the financial department, evaluates the product configuration requested in the order, tries alternative configuration designs, and provides cost estimate and comments using the SC Collaborator system (Figure 12 ). The sales department can then refer to the evaluations from various departments and decide to accept or reject the order using the system layout shown in Figure 11 . After that, other service units are activated if the order is accepted. The service oriented architecture of SC Collaborator enables quick reconfiguration of the operation workflow and flexible changes of organizational structures and involvements. It eases the modification and deployment of the system when a new sales channel is added, the suppliers are changed, or a new product series is introduced.
5
CONCLUDING REMARKS The benefits of supply chain integration are well recognized in various industries. Information is often delayed, missing, distorted, or incomplete in a supply chain. Sharing information and integrating applications and services among supply chain Figure 10 . Service units involved in the "receive order"
and "evaluate order" processes. Figure 11 . System layout when a member in the sales department logs in to check the status of order evaluation.
members can therefore help reduce cost, increase responsiveness and service level, support decision making, and enhance project transparency. There are numerous commercial tools on the market for managing and integrating supply chains. However, these tools are not flexible, scalable, and extensible. The service oriented approach provides an alternative solution to connect individuals and to aggregate scattered information and applications along supply chains.
This paper presents a service oriented portal-based framework. Leveraging web portal technology, the framework offers customizable system layout and access control. With service oriented approach, the framework enables modular development and flexible reconfiguration of system functionalities. Internal information, application functionalities, and system operations are separated and deployed as individual service units, which can be located, invoked, and retrieved via standardized protocol. These service units can be reused and combined to create a complex business process. Interoperability problem among applications is also addressed because programs written in different languages and operating on different systems can be integrated via standardized protocols.
Based on the service oriented portal-based framework, we have utilized web services, web portal, and open source technologies to develop a prototype web-based system, namely SC Collaborator, for supply chain integration. The system is comprised of an access control engine, a database support, and four layers of integrated functionalities. The combination and orchestration of service units are performed on the business applications layer with the aids of process models that reside in individual application portlets. Each service unit in the process model contains six componentsinput information, output information, organization involvements, resources, internal knowledge, and implementation logic. The schema and implementation of the process models are illustrated in this paper. An example bus manufacturing scenario is also included to demonstrate the use of SC Collaborator to facilitate integration within and among organizations. Figure 12 . Screenshot of the SC Collaborator system showing a senior member in the design department performing preliminary product component configuration design and cost estimating.
